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Abstract 
In conjunction with John Zink Co., LLC, the Chevron Energy Technology Company conducted a 
three part study evaluating potential issues with switching refinery process heaters from fuel gas to 
hydrogen fuel for the purpose of greenhouse gas emissions reduction via CO2 capture and storage.   
The focus was on the following areas: 
 Heater performance  
 Burner performance and robustness 
 Fuel gas system retrofit requirements 
This paper will summarize the findings of the study. 
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1. Study Background 
In a petroleum refinery, there are four primary sources of CO2 emissions: co-generation units, fluid 
catalytic crackers, hydrogen plants and process heaters.  Although not the largest single point 
emitters, the process heaters typically represent about a third of total refinery emissions.  In 
addition, these heaters tend to be high in number, but small in individual emission rates.  
Capturing CO2 for the purpose of geologic storage can be accomplished via three common 
technology routes, all of which can be applied to process heaters. 
 Post-combustion capture (CO2 removal from the combustion flue gases) 
 Pre-combustion capture (CO2 removal from the synthesis gas after fuel conversion in a 
hydrogen plant, use of hydrogen fuel) 
 Oxy-firing (combustion with high purity oxygen instead of air) 
Recently, Chevron commissioned a study to evaluate all three of these routes for mitigating GHG 
emissions from six of the largest fired heaters at one of Chevron’s refineries.  This study showed 
that all three capture routes were expensive (significant capex and opex requirements).  The pre-
combustion route was economically competitive with the other capture routes and technically 
feasible.  In addition, as outlined below, for smaller or distributed emission sources, pre-
combustion capture would have significant advantages. 
For the mitigation of small, dispersed emissions sources, post-combustion capture becomes 
expensive quickly as a significant amount of equipment is required near each emissions source or 
group of sources. For oxy-firing, the amount of equipment per source is reduced somewhat, but the 
technology is still punished for economies of scale on small sources. In the case of hydrogen firing, 
fuel generation and CO2 capture occur at a central location, which allows for the elimination of 
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ancillary CO2 removal equipment near emissions sources and provides for a near level per-unit 
cost, regardless of size
i
.
Other advantages of the use of hydrogen as the primary fuel source for small, dispersed sources 
relative to other capture technologies are: 
 Minimal impact at the combustion sources (possible burner replacement) 
 Zero plot space requirements near the combustion locations 
 Capability of mitigating GHG emissions from nearly all heaters, regardless of size 
 Centralized CO2 capture (accomplished at the new-built hydrogen plant) 
For these reasons, this study was undertaken to further evaluate the option of converting process 
heaters to fire hydrogen. 
In conjunction with John Zink CO., LLC, the Chevron Energy Technology Company conducted a 
three part study to understand the technical hurdles for converting fuel/natural gas fired equipment 
to hydrogen firing. 
 Task 1 consisted of conducting a series of heater and steam generator modeling studies which 
determined the effect of substituting hydrogen for fuel gas.   
 Task 2 consisted of testing two types of burners for both fuel gas and hydrogen firing at John 
Zink’s test facilities in Tulsa, Oklahoma. 
 Task 3 consisted of modeling an existing fuel gas system to determine whether or not 
modifications are necessary. 
2. Overall Study Objectives 
The objective of this study was to determine the impact on performance and operability of 
converting refinery process heaters to using hydrogen as a fuel.  An additional objective was to 
identify technical challenges that may prevent the use of the hydrogen fuel option. 
3. Task 1 – Heater Modeling 
The objective of the heater modeling effort was to determine the effect on heater performance due 
to switching to a hydrogen fuel. 
Fired heater simulation models were run to determine the change in performance of the heater when 
switching from refinery fuel gas to hydrogen fuel gas.  The total process duty was kept constant 
when switching between refinery fuel gas and hydrogen.  Changes in performance were measured 
by numerous factors including: radiant tube wall temperatures, convection fin temperatures, flue 
gas temperatures, overall efficiency, heat 
flux, radiant section absorbed duty, and 
convection section absorbed duty. 
Two programs were used to construct the 
models for the study: HTRI
®
 Xchanger 
Suite (v 5.00)
1
 and PFR FRNC-5PC 
(v4.08)
2
.  The primary difference between 
the two programs is the radiant section 
calculation method.   HTRI uses a zoning 
method in the radiant section, while 
FRNC5 assumes a well mixed gas model in 
the radiant section.  Both programs are used 
in actual practice for rating fired heaters. 
Several types of fired heaters were modeled 
for this study: a typical steam generator, 
two typical refinery crude heaters, and a 
rheniformer.  The steam generator and 
rheniformer models were available from 
previous projects and were modified to fit 
1
Heat Transfer Research, Inc., Xchanger Suite 5 
2 PFR Engineering Systems, FRNC-5PC General Purpose Fired Heater Simulation Program
Table 1 - Fuel gas compositions, vol% 
Component Refinery Gas Hydrogen 
Hydrogen 13.80 94.94 
Nitrogen 4.90 0.38 
CO2 0.30 - 
Methane 49.80 4.32 
Ethylene 9.90 - 
Ethane 11.20 - 
Propane 3.20 - 
Propylene 4.40 - 
Butanes 1.10 - 
Butenes 0.80 - 
Pentanes 0.30 - 
C6+ 0.30 - 
Water - 0.36 
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the current study basis.  An additional simple crude heater model was constructed to provide a 
comparative basis between the two simulation methods.  The composition of fuels burned in each 
heater was kept constant between all models and can be found in Table 1. 
In addition to hydrogen fuel, the steam generator model was also run with fuel oil and natural gas.  
The fuel oil run was used to compare the previous practice of some operators of fuel switching 
between natural gas and fuel oil with this study’s proposal of fuel switching between natural gas to 
hydrogen fuel gas.   Comparison between the two fuel switching cases could then be used to 
compare the relative difference on key heater performance parameters.  Parameters such as heat 
duty, heat flux, tube temperatures, and arch temperature were monitored to see if they changed 
more with fuel oil firing or hydrogen fuel firing. 
4. Task 2 – Burner testing 
A variety of burner technologies are used in process heaters, steam generators and boilers 
throughout Chevron to meet the non-GHG emissions limits, as well as to properly shape the flame 
in the firebox. Some of these burner technologies are able to achieve lower NOx.  However, they 
cannot handle large variations in fuel composition, and hydrogen has some unique characteristics 
compared to other hydrocarbons.  
 The flame speed is approximately ten times faster than methane. This will produce a shorter 
flame as well as causing flashback in certain types of burners.  
 The flame temperature is higher so it increases thermal NOx.  
Therefore, the objective of this task was to understand the impact of hydrogen on flame stability as 
well as on NOx emissions. 
Burner technology has evolved over the years to minimize NOx by staging the air, staging the fuel, 
and internally recirculating flue gases to reduce the peak flame temperatures. Most of these burners 
evolved from either raw gas burners which mix the fuel and air at the burner tip, or premix burners 
which premix the fuel and the air in a venturi prior to the burner tips. Although many refineries 
have experience with fuel gas containing 10 – 40% hydrogen, it is common to experience flash 
back in burners that use premix technology at the higher levels of hydrogen concentration due to 
the high flame speed characteristic.  
For the selection of the test burners, 
a variety of burner technologies were 
reviewed with John Zink to 
determine which technology had the 
highest likelihood of being able to 
operate on 95% hydrogen. A John 
Zink COOLstar™ burner was 
selected, which is representative of 
current ultra low NOx burner 
technology for process heaters. The 
COOLstar™ burner stages the fuel 
with raw gas tips and internally 
recirculates flue gases. In addition, 
a staged fuel burner was also 
selected. This is representative of an 
older technology.  
The testing was done at the John 
Zink (JZ) Test Center in Tulsa, OK 
using test furnace #7 for the 
COOLstar™ 13M ultra-low NOx 
round flame burner, and test furnace #5 for the PSFFG 5 Low NOx staged fuel flat flame burner. 
JZ F7 is a water jacketed box furnace with an 8 ft. by 16 ft. hearth and is 20 ft. tall. As shown in 
Figure 1, the COOLstar™ 13M burner was mounted in the center of the hearth and fired vertically 
upward.
JZ F5 is a vertical box furnace equipped with eight water cooled tubes to simulate the furnace load. 
The hearth is 7 ft. by 7 ft. and the height is 15 ft.  
Figure 1 - Ultra-low NOx COOLstar™ burner installed in F7
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5. Task 3 – Fuel system impact 
Refinery fuel gas systems normally consist of off-gases from various process units, and makeup 
natural gas.  Because of the significantly lower heating value of hydrogen, the flow rate of 
hydrogen must be increased by over a factor of 3 to maintain the same fired duties. 
The objective of this task was to assess the impact of hydrogen firing on refinery fuel gas header 
systems. 
Figure 2 shows a portion of a refinery fuel system which was modeled using conventional formulas 
to determine if any significant piping or valve modifications were required to switch the existing 
refinery fuel gas system to hydrogen.  As a basis for the model, the fired duty at each burner was 
held constant.  
The primary concern was whether hydrogen fuel would have a significantly larger pressure drop 
through the fuel system when compared to refinery gas and if this would lead to requiring 
modifications to the fuel gas system.   
6. Task 1 results – Heater Modeling 
Tables 2 and 3 show the results of the evaluation of a rheniformer heater and a crude heater. The 
four rheniformer heaters share a common firebox, but have individual radiant sections and firing 
controls.
For the rheniformer heaters, it 
was found that the only issue 
with hydrogen fuel firing is a 
drop in convection section 
duty, resulting in decreased 
steam production.  This small 
loss of steam production could 
be made up by the refinery 
fired boilers or cogens.   The 
amount of steam reduction is 
about 11,000 lb/hr or 12%.    
Based on model results, 
hydrogen fuel firing does not 
have any impact on process 
duty in the radiant section.  
Changes in the flame geometry 
could result in changes to the radiant section heat flux distribution, but these changes were not 
Table 2 - Rheniformer Heater Simulation Results 
Units RFG H2 Fuel 
Total Process Duty (MMBTU/HR) 151 151 
Total Steam Duty (MMBTU/HR) 89 78 
Total Fuel Firing (LHV) (MMBTU/HR) 265 250 
Efficiency (LHV) (%) 90.6 91.6 
Radiant Flux, Pt. 1 (BTU/HR/FT2) 11888 11896 
Radiant Tube Temp., Pt. 1 (deg F) 1094 1095 
Arch Temperature (deg F) 1577 1560 
Stack Temperature (deg F) 361 341 
Flue Gas Flow Rate (MLB/HR) 252 204 
Fin Temperature (deg F) 991 954 
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Figure 2  - Modelled Fuel System 
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accounted for with the FRNC5 simulation model.   Additional burner modeling or testing could be 
used to help understand any heat flux distribution concerns. 
The crude heater was evaluated using the PFR FRNC5 model.  This heater has a smaller than 
normal amount of process convection section surface area, resulting in a larger percentage of total 
process duty from the radiant section.  The heater has a combustion air preheater.  The air preheater 
will also shift more process duty from the convection section to the radiant section.   
As predicted, the crude heater duty shifted more towards the radiant section when switching from 
refinery fuel gas to hydrogen fuel.  The shift in duty from the convection section to the radiant 
section in the crude heater was more pronounced because of the small amount of convection 
section surface area and the 
presence of the air 
preheater.  Overall 
efficiency on a lower 
heating value basis 
remained the same.  
Radiant tube temperatures 
increased very slightly, 
indicating no major 
concerns with tube 
temperature limits for the 
crude heater. 
The PFR and the HTRI 
crude unit sample case 
comparison (data not 
shown) produced similar 
results.  An increase in 
radiant section duty, flux, 
and temperature were 
apparent with the switch to H2-rich fuel.  The efficiency predicted by HTRI increases by 3.5%, but 
may not necessarily be comparable to the PFR sample case due to a difference in computational 
methods.  Similar to all of the other cases, arch temperature, stack temperature, and convection 
section fin temperatures all decreased with the switch to high hydrogen fuel. 
An oil production field steam generator was evaluated using the HTRI model as a cylindrical heater 
with a convective section.  The convection section has five rows of bare tubes and fourteen rows of 
tubes with serrated fins.  A single radiant firebox is present with one burner.  The results are shown 
in Table 4. 
For this steam generator, the radiant parameters of hydrogen fuel fall between the natural gas and 
fuel oil values.  In the past, some operators switched between natural gas and fuel oil, which causes 
more of a change 
in radiant section 
conditions than 
switching between 
natural gas and 
hydrogen.  Radiant 
section duty 
increases, along 
with the radiant 
flux and radiant 
tube temperature, 
for oil or H2 firing 
compared to 
natural gas.  In 
some cases, a 
higher radiant tube 
temperature can be 
a cause of concern 
Table 3 - Crude Heater Simulation Results 
Units RFG H2 Fuel 
Total Process Duty (MMBTU/HR) 318 318 
Total Radiant Section Duty (MMBTU/HR) 216 224 
Radiant Section Process Duty (%) 67.9 70.4 
Total Fuel Firing (LHV) (MMBTU/HR) 360 360 
Efficiency (LHV) (%) 88.2 88.2 
Radiant Flux, Pt. 1 (BTU/HR/FT2) 17416 18062 
Radiant Tube Temp., Pt. 1 (deg F) 753 758 
Arch Temperature (deg F) 1911 1897 
Convection Outlet Temp. (deg F) 875 864 
Stack Temperature (deg F) 361 341 
Combustion Air Temperature (deg F) 650 642 
Flue Gas Flow Rate (MLB/HR) 252 204 
Fin Temperature (deg F) 778 757 
Table 4 - Once-Through Steam Generator Simulation Results 
Units Natural Gas H2 Fuel Fuel Oil 
Total Process Duty (MMBTU/HR) 51.3 51.3 51.6 
Total Radiant Section Duty (MMBTU/HR) 23.6 25.6 27.1 
Radiant Section Process Duty (%) 46 49.9 52.5 
Total Fuel Firing (LHV) (MMBTU/HR) 55 54.7 55 
Efficiency (LHV) (%) 93.3 93.8 93.7 
Radiant Flux, Pt. 1 (BTU/HR/FT2) 11352 12326 13035 
Radiant Tube Temp., Pt. 1 (deg F) 679 698 723 
Arch Temperature (deg F) 2019 2072 1896 
Stack Temperature (deg F) 183 179 182 
Flue Gas Flow Rate (MLB/HR) 53.5 44.4 53 
Fin Temperature (deg F) 613 579 570 
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if the heater is operating near the tube temperature limit.  Results indicate the key radiant design 
parameters show more of a change with fuel oil than hydrogen fuel. 
The fuel oil run was used to compare fuel switching between natural gas and fuel oil with the 
proposal of fuel switching between natural gas to hydrogen fuel gas.   Comparison between the two 
fuel switching cases could then be used to compare the relative difference on key design heater 
parameters.   
7. Task  2 results – Burner Testing 
Each burner was fired at its maximum design firing rate, normal rate and minimum rate on both 
natural gas and the 95 vol% hydrogen/5 vol% natural gas mix. In addition the burners were fired on 
a number of fuel mixtures with hydrogen concentrations ranging from natural gas to 100% 
hydrogen.  
Both burners were able to fire all the fuels tested including the 95% hydrogen fuel without 
modifications, and no 
operational difficulties or 
instabilities were 
encountered during the test. 
The pressure of the PSFFG 
burner increased from 17.6 
psig on natural gas to 21.5 
psig on 100% hydrogen.
The 95% hydrogen flame 
length was very difficult to 
judge visually so flame 
length was estimated for the 
round flame ultra low NOx 
burner using a water-cooled 
probe by performing gas 
sampling traverses across the 
firebox at various elevations 
above the burner. Flame 
length is typically estimated 
using a specific CO level to 
define the edge of the flame zone.  
There were no probing ports to estimate the flame length for the flat flame burner. Visual estimates 
suggested that the natural gas and 95% hydrogen fuel flame lengths were similar based on the 
heating pattern on the wall. 
Temperature 
measurements of the 
310SS flame deflector in 
the round flame burner 
showed that the metal 
temperature increased 
from about 480F when 
firing natural gas to 
1300F when firing the 
95% hydrogen fuel. This 
is still within the 
acceptable range for this 
material and the deflector 
showed no adverse 
effects when examined 
after the test. However, it 
may be advisable to 
increase the metal 
thickness or upgrade the 
material to ensure an 
Figure 3 - NOx emissions, PPMv basis 
Figure 4 - NOx emissions, lb/MMBTU basis 
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extended life for this part if high hydrogen fuels are to be the primary fuel. 
As expected, NOx emissions on a PPM basis were significantly higher for the 95% hydrogen fuel 
for both burners compared with natural gas.  In large part, this is due to the flue gases (from 
burning hydrogen-rich fuel) having fewer dry products of combustion than hydrogen lean fuel 
gases. Therefore, on a PPM dry basis, NOx emissions increase with hydrogen concentration in the 
fuel.   
For the ultra low NOx round flame burner, the PPM emissions increased from about 11 PPM 
(corrected to 3 vol% O2) to about 13.5 PPM. For the low NOx flat flame burner, the NOx 
emissions increased from about 42 PPM  to 
about 64 PPM. Figure 3 shows a plot of the 
NOx emissions for the two burners. The upper 
curve shows data for the low NOx flat flame 
staged fuel burner and the lower curve shows 
the emissions from the ultra low NOx round 
flame burner.  
Due to its improved design, the NOx emissions 
from the ultra low NOx burner are, as 
expected, lower than those from the low NOx 
burner.
The PPM levels of NOx appeared to peak for 
the ultra low NOx round flame burner at 85% 
hydrogen and then decreased as the hydrogen 
concentration increased. However this peak 
was not seen with the low NOx design flat 
flame burner for which NOx levels continued 
to rise, peaking at 100% hydrogen.  
A more fair comparison of NOx emissions 
from fuels with a range of hydrogen 
concentrations is to calculate the mass of NOx emitted per million Btu of fuel fired. Figure 4 shows 
NOx emissions on a lb/MMBtu (HHV) basis.  The upper curve shows that with high purity 
hydrogen the NOx emissions increased about 20% with the flat flame burner.  The lower curve 
shows that there was a slight decrease in NOx with the ultra low NOx burner. 
8. Task 3 Results – Fuel system impact 
As expected, the evaluation of the pressure 
profile for the system shown in Figure 2 
showed that the pressure losses increased if the 
system were converted from refinery fuel gas 
to hydrogen.  However, the pressure losses 
only increased from six to ten percent.  This 
indicates that a major modification to existing 
fuel systems may not be necessary. 
A preliminary evaluation of the metallurgy of 
the existing fuel gas system showed that it 
should be adequate for hydrogen service. 
9. Conclusions 
The simulation modeling of several fired 
heater models with both refinery fuel gas and 
high hydrogen fuel showed: 
 Switching from refinery fuel gas to 
hydrogen fuel generally produced a 
decrease in convection section duty 
and an increase in radiant section duty.   
Figure 5 - Ultra Low NOx Round Flame Burner, 
Max Rate Firing w/ 95% H2 Fuel 
Figure 6 -  - Ultra Low NOx Round Flame Burner, 
Max Rate Firing w/ Natural gas
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 The heating efficiency, on a lower heating value basis, slightly increased when switching 
from refinery fuel gas to hydrogen fuel. 
 In comparison to natural gas and fuel oil, hydrogen fuel yielded a radiant duty, radiant 
heat flux, and radiant tube temperatures higher than natural gas, but lower than fuel oil.  
Fuel oil produced a greater change in the radiant section of the heater than hydrogen fuel. 
Burner testing of Ultra Low NOx and Low NOx burners firing 95% hydrogen fuel showed: 
 Both the Ultra Low NOx round flame burner and the low NOx flat flame burners using 
raw gas tips operated well on the 95 vol% hydrogen fuel and did not require burner 
modifications.  
 The 95% hydrogen fuel appeared to produce a modest reduction in flame length. Metal 
parts exposed to the flame showed an increase in operating temperature that might require 
either upgrades in metal thickness to dissipate the heat or upgrades in material. 
 NOx emissions on a mass rate (lb/MMBtu) basis from the  ultra low NOx burners firing 
the 95% hydrogen fuel are slightly lower than firing natural gas or low hydrogen fuel 
gases.  
 NOx emissions from the older design low NOx burners are higher when firing the 95% 
hydrogen than firing natural gas or low hydrogen fuel gases.  
 NOx emissions on a PPM basis were significantly higher for both burners with hydrogen 
firing because of the change in dry flue gas volume. Depending on the basis of the 
emission limits in the environmental permit, this could be a significant issue.  
 For the same fired duty, the fuel pressure increased a few psi with the 100% hydrogen 
fuel, but did not adversely affect flame stability. 
The evaluation of the fuel system for the crude unit at the refinery showed: 
 A change from refinery fuel gas to hydrogen yields a 6.2% increase in pressure drop from 
the mixing drum to the furnaces.  This is less than a 1 psig difference across the modeled 
piping system. 
 Generally, no significant piping material modifications are required when switching from 
refinery fuel gas to hydrogen. 
In summary, this project showed that from a technical viewpoint, in the areas that were addressed, 
no key showstoppers were indicated for the use of hydrogen fuel.  However, the use of carbon 
capture and sequestration to mitigate GHG emissions from a refinery is still very expensive and, 
therefore, fair, market-based mechanisms should be in place to allow for the selection of the lowest 
cost options. 
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